Aims/hypothesis The aim of this study was to investigate whether lifestyle intervention-induced changes in serum fatty acid profile of cholesteryl esters and estimated desaturase activities are related to improvements in insulin sensitivity in subjects at risk of type 2 diabetes. Materials and methods In the Study on Lifestyle Intervention and Impaired Glucose Tolerance Maastricht (SLIM), 97 men and women with IGT were randomised to a combined diet and exercise programme (47 intervention) or a control group (50 control subjects). At baseline and after 1 year the following assessments were made: an OGTT, an exercise test to determine maximal aerobic capacity, anthropometry, and analysis of the serum fatty acid profile of cholesteryl esters. Results The lifestyle programme was effective in reducing the intake of total and saturated fat, increasing physical activity, reducing obesity and improving insulin sensitivity and glucose tolerance. Regression analysis of the total population showed that an increase in the C20:4 n-6/C20:3 n-6 ratio (estimated Δ5-desaturase activity) and reductions in the C18:3 n-6/C18:2 n-6 ratio (estimated Δ6-desaturase activity) and the C16:1 n-7/C16:0 ratio (estimated Δ9-desaturase activity or stearoyl-CoA desaturase-1) were significantly associated with a decrease in homeostasis model assessment for insulin resistance. After adjustment for lifestyle changes (change in percentage body fat, aerobic capacity and saturated fat intake), these associations were partly reduced, but remained statistically significant. Conclusions/interpretation Lifestyle-induced changes in fatty acid profile of cholesteryl esters and desaturase activities were independently related to changes in insulin sensitivity in subjects at risk of type 2 diabetes. 
Introduction
Interest in the fat quality of the Western diet has previously been generated by the results of cross-sectional epidemiological studies. These showed that the consumption of saturated fat was inversely related to insulin sensitivity and glucose tolerance, whereas a positive association was found for unsaturated fat [1] [2] [3] . Similar results were found for fatty acid composition in serum [4, 5] . In addition, prospective studies in healthy subjects have shown that a serum fatty acid profile of high saturated fatty acids or low unsaturated fatty acids can predict the development of type 2 diabetes [1, 6, 7] . Two well-controlled human studies recently demonstrated that replacing saturated fatty acids (SFA) in the diet with either monounsaturated fatty acids (MUFA) [8] or polyunsaturated fatty acids (PUFA) [9] resulted in changes in serum fatty acid profile and improved insulin sensitivity. This improvement in insulin sensitivity was found particularly in subjects with a relatively low total fat intake (below median 37 energy % [E%]) [8] .
The plasma fatty acid profile is influenced not only by dietary fat intake, but also by endogenous fatty acid metabolism, e.g. by desaturase enzymes. An important role of the desaturase enzymes is regulation of the degree of unsaturation of lipids throughout the body. This is important for the fluidity of cell membranes, affecting cell permeability and signalling, including insulin signalling [10] . The Δ9-desaturase catalyses the conversion of palmitic and stearic acid into palmitoleic acid and oleic acid, respectively. These MUFA are required for membrane phospholipids and the synthesis of adipose tissue triglycerides and cholesteryl esters [10, 11] . The Δ5-and Δ6-desaturases catalyse the synthesis of n-6 and n-3 PUFA [10] , of which, arachidonic acid (C20:4 n-6) is an eicosanoid precursor, and docosahexaenoic acid (C22:6 n-3) plays a role in the function of the retina and central nervous system. Some specific highly unsaturated fatty acids are regulators of the expression of genes involved in lipogenesis and lipid oxidation [12] . The activity of desaturase enzymes has been associated with insulin resistance [13] [14] [15] . Animal studies have shown that mice lacking stearoyl-CoA desaturase-1 (SCD-1), a mouse isoform of Δ9-desaturase, are more insulin sensitive than their wildtype littermates [13] . In human studies, an increased Δ6-desaturase activity and a decreased Δ5-desaturase activity have been associated with insulin resistance and type 2 diabetes [14, 16, 17] . Recently, a 20-year prospective study in healthy Swedish men showed that high estimated Δ9-and Δ6-desaturase activities and low Δ5-desaturase activity predicted the development of the metabolic syndrome [18] . These studies suggest that desaturase enzymes may be directly or indirectly involved in the development of insulin resistance.
There is increasing evidence that serum fatty acid profiles and fatty acid desaturase activities may be influenced by lifestyle factors such as diet [3, 16] and exercise [19, 20] . We have previously reported that a combined lifestyle intervention programme was effective in improving glucose tolerance and insulin sensitivity in prediabetic subjects, thereby reducing the risk of diabetes [21] . Based on these findings, the aim of this study was to investigate whether changes in the fatty acid profile of serum cholesteryl esters and estimated fatty acid desaturase activities were related to lifestyle intervention-induced changes in glucose tolerance and insulin sensitivity.
Subjects and methods

Subjects
Subjects were recruited from a large existing cohort of the general population [22] and through advertisements in the local newspaper. Subjects were screened for IGT with a standard OGTT with capillary sampling according to the World Health Organization guidelines [23] . Subjects with IGT were invited to undergo a second OGTT and were included when the mean 2-h glucose concentration was between 7.8 and 12.5 mmol/l. Exclusion criteria were previously diagnosed diabetes other than gestational diabetes, use of medication known to interfere with glucose metabolism, participation in vigorous exercise or an intensive weight loss programme in the year prior to participation, and any (chronic) disease that makes participation in a lifestyle programme impossible or has an improbable 5-year survival. The study protocol was approved by the Medical Ethics Committee of Maastricht University. All subjects gave written informed consent.
Subjects were randomized to the intervention group or the control group, with stratification for sex and 2-h glucose value. Of the 147 subjects, 131 completed the 1-year intervention period. We obtained complete datasets of general and metabolic characteristics and serum fatty acid profile of cholesteryl esters in 97 subjects for regression analysis. Incomplete datasets were mainly due to missing values for dietary intake and aerobic capacity (maximal oxygen consumption [VO 2max ]). There was a higher proportion of women in the group of excluded subjects (+29%), but there were no differences in age, BMI, 2-h glucose values or homeostasis model assessment for insulin resistance (HOMA-IR) values between excluded and included subjects. There were a comparable number of excluded subjects in the intervention (n=27) and control (n=23) groups. The results of this lifestyle intervention have been published previously [21] .
Lifestyle intervention programme
The lifestyle intervention programme comprised a dietary and physical activity part. Dietary recommendations were based on the Dutch guidelines for a healthy diet [24] and consisted of a carbohydrate intake of at least 55 E%; a total fat intake below 30-35 E%, with a saturated fat intake below 10 E% and a cholesterol intake <33 mg/MJ. No (very)-low-calorie diets were used. Dietary advice was given by a skilled dietician, on an individual basis, after consideration of an individual 3-day weighed food record. The first visit took place 4-6 weeks after randomisation. A visit was scheduled every 3 months thereafter. Subjects were encouraged to increase their physical activity to at least 30 min of moderate physical activity a day for at least 5 days a week [25] . At the start of the study, individual advice was given on how to increase daily physical activity (walking, cycling, swimming), and well-defined goals were set. Furthermore, subjects were encouraged to participate in an exercise programme, especially designed for this study, with both aerobic exercise training and resistance training components. Exercise sessions were supervised by trainers. Subjects had free access to these training sessions and were advised to participate for at least 1 h a week. Once every year, subjects in the control group received oral and written information about the beneficial effects of a healthy diet, weight loss and increased physical activity; no individual advice or programmes were provided.
Measurements
Glucose tolerance was monitored with a standard OGTT with venous blood sampling at baseline and at 2 h [22] . During the same visit, body weight was measured to the nearest 0.1 kg on an electronic scale, with the subject wearing only light clothing. Height was measured to the nearest 0.5 cm without shoes. Skinfold thickness was measured twice using a skinfold caliper at the triceps, biceps, subscapular and suprailiacal regions. The sum of skinfolds was used to calculate body fat percentage [26] . Waist circumference (waist) was measured with the subject in standing position at the level midway between the lowest rib and iliac crest to the nearest 0.5 cm. A 3-day weighed food record (two week days and one weekend day) was kept in the 2 weeks before the visit. Food records were checked by a dietician, and the intake of nutrients was calculated with a validated computer program using the Dutch food table (NEVO). An incremental exhaustive exercise test was performed on an electronically braked bicycle ergometer to determine the maximal power output (watts) and maximal oxygen consumption (VO 2max ).
Biochemical analysis and calculations
Plasma glucose was measured with a standard enzymatic technique automated on the Cobas Fara centrifugal analyser (Glucose HK 125; ABX Diagnostics, Montpellier, France). Plasma insulin was measured with an ELISA assay (Mercodia, Uppsala, Sweden) with no cross-reactivity with pro-insulin. The HOMA-IR was calculated as described by Matthews et al. [27] . The HOMA index is the outcome of a mathematical model based on dose-response curves for glucose uptake and insulin production in a fasting, steadystate condition. Although it is not suitable for use at the individual level, as is the hyperinsulinaemic-euglycaemic clamp, it is a fairly good marker for insulin resistance in larger groups (n>30) and is a better marker of insulin resistance than fasting insulin, particularly in obese and/or IGT subjects [28] . Glycated haemoglobin (HbA 1c ) was determined in fasting serum by HPLC (reference values for our laboratory 4.4-6.2%).
The fatty acid profile of serum cholesteryl esters was determined by gas chromatography-flame ionisation detection after solid-phase extraction using a method adapted from that of Agren and coworkers [29] . Shortly after deproteination and chloroform extraction the lipid extract was applied to an aminopropyl solid-phase column (Bond-Elut NH2 200 mg; Varian Ass, Middelburg, the Netherlands) and the cholesteryl-bound fatty acids were eluted with hexane. After hydrolysis and methylation, the fatty acid methyl esters (FAME) were separated on a 100-×0.25-mm ID WCOTfused silica capillary column using a GC-3900 gas chromatograph (Varian Ass). Galaxie software (Varian Ass) was used for quantification and identification of peaks. The relative amount of each fatty acid (percentage of total fatty acids) was quantified by integrating the area under the peak and dividing the result by the total area of all fatty acids. The activity of Δ5-desaturase was estimated as the product/ precursor ratio (i.e. the proportion of arachidonic acid (C20:4 n-6) to dihomo-γ-linolenic acid [C20:3 n-6]), Δ6-desaturase activity was estimated as the proportion of γ-linolenic acid (C18:3 n-6) to linoleic acid (C18:2 n-6), and Δ9-desaturase activity was estimated as the proportion palmitoleic acid (C16:1 n-7) to palmitic acid (C16:0).
Statistical analysis
Correlations were tested using Pearson's correlation coefficient (r), two-tailed. ANOVA for repeated measures was used to test differences between groups and changes over time. Regression analysis was performed to identify the contribution of changes in lifestyle and fatty acid profile to changes in insulin resistance (HOMA-IR). When testing a 1-year change as the dependent variable, the mean of the dependent variable ([year 0 + year 1]/2) was included in the model to correct for regression to the mean. Regression analysis was also performed with adjustment for the means of all variables, but this did not add to the explained variance of the model and did not change the outcomes, so only the mean of the dependent variable was included. All 1-year changes were calculated as year 1-year 0. To investigate whether the relationship between changes in desaturase activity and changes in insulin resistance was dependent on changes in lifestyle, we tested the contribution of desaturase activity alone (model 1), adjusted for the mean of the dependent variable. We further adjusted for the intake of SFA; as a reflection in changes in the diet (model 2); then VO 2max , as a reflection of changes in physical activity (model 3); and body fat percentage (model 4). None of these regression parameters showed intercorrelations >0.6. HOMA-IR was ln-transformed to obtain a normal distribution. For regression analysis, the beta coefficients and their 95% CIs are presented. Other data are expressed as means± SEM. A p value <0.05 was considered statistically significant. Statistical analysis was performed using SPSS 10.0 for Macintosh (SPSS, Chicago, IL, USA).
Results
General lifestyle effects
After 1 year of lifestyle intervention, body weight and BMI were reduced, VO 2max was increased, and improvements were seen in 2-h glucose values, fasting insulin and HOMA-IR values (Table 1 ). The lifestyle intervention was effective in increasing the intake of carbohydrates and fibre and reducing the intake of total fat and saturated fat, and concomitantly reduced the monounsaturated fat intake ( Table 2) , as previously reported in a smaller group in the same intervention study [22] . The reported intake of PUFA correlated well with PUFA in serum, both at baseline (r=0.44, p<0.05) and after 1 year (r=0.42, p<0.001). This indicates that the reported intakes of fatty acids were well recorded and estimated.
Serum fatty acid profile, glucose tolerance and insulin sensitivity After 1 year of lifestyle intervention, no direct changes were observed in individual fatty acid fractions. However, changes in several specific fatty acid fractions of cholesteryl esters were related to changes in insulin resistance after 1 year (Table 3 ). Changes at 1 year in serum fractions of myristic (C14:0), palmitoleic acid (C16:1 n-7), γ-linolenic acid (C18:3 n-6) and dihomo-γ-linolenic acid (C20:3 n-6) correlated positively with changes in HOMA-IR, whereas an inverse relationship was observed for oleic acid (C18:1 n-9) and arachidonic acid (C20:4 n-6). Decreases in estimated Δ9-and Δ6-desaturase activities and an increase in estimated Δ5-desaturase activity at 1 year were related to a reduction in HOMA-IR values (Table 3) .
To investigate whether the relationship between desaturase activity and insulin resistance was dependent on changes in lifestyle, we performed regression analysis and presented the standardised β-coefficients of the estimated desaturase activities after adjustment for changes in SFA intake, VO 2max and percentage body fat ( Table 4 ). The results show that the changes in Δ9-and Δ6-desaturase were positively related to changes in HOMA-IR, whereas changes in Δ5-desaturase were negatively related. These relationships remained statistically significant after adjustment for changes in lifestyle factors and percentage body fat for all three desaturases. The β-coefficients of Δ9-and Δ6-desaturase were reduced after the addition of VO 2max (−13% and −14%, respectively; model 3) and percentage body fat (−24% and −4%, respectively; model 4) to the model, whereas the β-coefficient of Δ5-desaturase only changed after correction for percentage body fat (−16%; model 4).
Since the correlation of a parameter with HOMA-IR can occasionally be fully explained by one component of the HOMA-IR, we explored the associations of fasting glucose and fasting insulin with different fatty acid variables. We found that analysis of changes in fasting glucose or insulin as the dependent variable revealed significant correlations with changes in Δ9-, Δ6-, and Δ5-desaturase indices.
Pearson correlation coefficients for the relationships between fasting insulin and changes in Δ9-, Δ6-, and Δ5-desaturase were r=0.151 (p=0.067), r=0.196 (p=0.016) and r=−0.243 (p=0.002), respectively. Pearson correlation coefficients for the associations between changes in fasting glucose and changes in Δ9-, Δ6-, and Δ5-desaturase were r=0.199 (p=0.045), r=0.287 (p=0.003) and r=−0.210 (p=0.033), respectively. These data reveal that no one specific component of the HOMA-IR (glucose or insulin) can explain the correlations with HOMA-IR. It appears that both impaired glucose and impaired insulin concentrations are relevant, indicating disturbances in the regulation of glucose metabolism. Since insulin resistance is most likely to be central to these impairments, we chose to present the data on HOMA-IR. Interestingly, the relationships between changes in estimated desaturase enzyme activities and changes in HOMA-IR were modified by total fat intake. Regression analysis revealed that changes in Δ9-and Δ6-desaturase contributed significantly to the HOMA-IR model in subjects with a total fat intake <35.5 E%, and followed patterns similar to those observed in the group as a whole, whereas no significant association was found in subjects with a fat intake >35.5 E% (Fig. 1b,d) . Also, in regression analysis of the total group, a relevant interaction between fat intake (below or above 35.5 E%) and change in Δ9-desaturase activity was found (p=0.13). The correlation between the change in Δ5-desaturase and insulin resistance was not affected by total fat intake (Fig. 1e,f) .
Discussion
In this study, a strong relationship between the lifestyleinduced changes in insulin resistance and changes in cholesteryl ester fatty acid profile was found after 1 year. An improvement in insulin resistance was typically associated with reductions in myristic acid (C14:0), palmitoleic acid (C16:1 n-7), γ-linolenic acid (C18:3 n-6) and dihomo-γ-linolenic acid (C20:3 n-6) fractions, and an increase in oleic acid (C18:1 n-9) and arachidonic acid (C20:4 n-6) fractions. This improvement was further characterised by a decrease in estimated Δ9-desaturase (SCD-1) and Δ6-desaturase activities and an increase in Δ5-desaturase activity.
This specific pattern of individual fatty acids observed (high myristic, palmitoleic, γ-linolenic and dihomo-γ-linolenic acid fractions and a low arachidonic acid fraction) is consistent with previous reports on insulin resistance [5, 9, 18, 30] . Furthermore, in agreement with the majority of previous studies, we found a positive relationship between changes in oleic acid fractions and changes in insulin sensitivity at 1 year. On the one hand, dietary studies have found that insulin sensitivity is inversely associated with oleic acid fractions [18, 30] . On the other hand, exercise, assumed to be related to insulin sensitivity, is positively associated with high oleic acid fractions [19] . In addition, the replacement of dietary SFA by MUFA (predominantly oleic acid) improved insulin sensitivity [8] , which supports the positive relationship observed between changes in serum oleic acid and insulin sensitivity in the present study.
The relationship between insulin sensitivity and n-3 PUFA is less clear. The present study shows no correlation between eicosapentaenoic acid (C20:5 n-3) or docosahex- Std beta Standardised β-coefficient, CI confidence interval; aR 2 adjusted R-square, Desaturase desaturase activity mentioned above the column; BF%, percentage body fat *p<0.05 **p<0.01 aenoic acid (C22:6 n-3) and insulin resistance (Table 3) . This is in accordance with other studies using other measures of insulin resistance, such as the euglycaemichyperinsulinaemic clamp or an IVGTT [8, [31] [32] [33] .
The present study shows that changes in insulin resistance were inversely related to changes in Δ5-desaturase activity and positively related to changes in Δ6-desaturase and Δ9-desaturase activities. Desaturase enzymes may be important in the development of insulin resistance, since mice with a Δ9-desaturase deficiency are very insulin sensitive [13] , and the Δ9-desaturase mRNA level in human skeletal muscle was positively related to the amount of triglyceride accumulation [15] . This accumulation of triglycerides in skeletal muscle is strongly associated with insulin resistance in sedentary subjects [34] [35] [36] .
The associations between changes in Δ9-, Δ6-and Δ5-desaturase activities and changes in insulin resistance in the present study were influenced by changes in saturated fat intake, VO 2max and/or percentage body fat, which suggests that desaturase activities are affected by lifestyle. The finding that lifestyle affects fatty acid profile is supported by studies in both rodents and humans. In mice, it was shown that a high-fat diet increased the Δ9-desaturase activity in the liver [37, 38] . Dietary intervention studies in humans have shown that replacing saturated dietary fat with unsaturated dietary fat reduces the estimated Δ6-desaturase FAT E% < 35.5 C h a n g e in ∆ 9 -d e s a t u ra s e C h a n g e in ∆ 6 -d e s a t u ra s e C h a n g e in ∆ 5 -d e s a t u ra s e C h a n g e in ∆ 5 -d e s a t u ra s e C h a n g e in ∆ 6 -d e s a t u ra s e C h a n g e in ∆ 9 -d e s a t u ra s e and Δ9-desaturase activities, and increases the estimated Δ5-desaturase activity [16] . Furthermore, increased physical activity correlates with an increased estimated Δ5-desaturase activity in skeletal muscle phospholipids [20] . Part of the relationship between changes in insulin resistance and the changes in Δ6-desaturase and Δ9-desaturase activities may be a direct consequence of changes in lifestyle. The finding that these associations remained after adjustment for lifestyle factors (saturated fat intake, VO 2max and percentage body fat) indicates that changes in desaturase activities are also affected by endogenous factors. Many dietary, hormonal and environmental factors are involved in the regulation of Δ9-desaturase, and are likely to be involved in modulation of Δ6-and Δ5-desaturase [10, 39] . Therefore, we cannot exclude the possibility that insulin resistance may have had an effect on desaturase activities. Other factors that may be involved are changes in insulin [40] or glucose itself, changes in leptin concentration [41] or changes in fatty acid handling with different preferences for saturated or unsaturated fatty acids in lipolytic and oxidative processes [42, 43] . One challenge for future studies is to elucidate whether and how lifestyle factors can modify desaturase enzyme activities with consequences for the insulin-resistant state, and whether and how changes in metabolic profile, e.g. insulin resistance, may in turn affect desaturase enzyme activity.
A general hypothesis on the molecular background of the relationship between desaturase enzymes and insulin resistance is that desaturases can change the fatty acid composition of cell membranes, which influence membrane fluidity. This may result in changes in insulin receptor binding or affinity, membrane ion permeability and cell signalling [3] . Furthermore, Δ9-desaturase may produce precursors for compounds that have been associated with insulin resistance, such as ceramide [13] . The Δ6-and Δ5-desaturases are involved in the synthesis of highly unsaturated fatty acids. These highly unsaturated fatty acids can act as ligands for transcription factors such as the peroxisome proliferator-activator receptors, hepatocyte nuclear factor 4, nuclear factor κB and sterol regulatory element binding protein, which interact with genes involved in lipogenesis and fatty acid oxidation [12] .
In the present study, the relationships between changes in fatty acid profile and changes in insulin resistance were modified by total fat intake (Fig. 1) . The association of changes in estimated Δ9-and Δ6-desaturase activities with changes in insulin sensitivity were more pronounced in subjects with a lower total fat intake (<35.5 E%). This has been reported previously in the Kuopio, Aarhus, Naples, Wollongong and Uppsala (KANWU) study, a large dietcontrolled study [8] , which reported that the impact of fatty acid profile, reflecting dietary fat quality, on insulin sensitivity was mainly observed in subjects with a total fat intake below the median (<37 E%). This emphasises that both the quality and quantity of dietary fat intake are relevant in terms of insulin resistance. It also shows that a high fat intake may mask the potential relationship between fat quality and insulin resistance. The correlation between the change in Δ5-desaturase and insulin resistance was not affected by total fat intake ( Fig. 1 and Table 4 ) or by physical activity (Table 4) , which suggests that Δ5-desaturase activity may be influenced by environmental factors to a lesser degree than Δ9-and Δ6-desaturase activities. A previous study examined the predictive effect of desaturase indices on the development of the metabolic syndrome and found that the relationships between Δ9-and Δ6-desaturase and the development of the metabolic syndrome diminished after adjustment for BMI plus smoking habit plus physical activity, whereas the predictive value of Δ5-desaturase on the development of the metabolic syndrome was not affected after adjustment for BMI or physical activity [18] .
In the present study, both insulin sensitivity and desaturase activity were measured indirectly. Nevertheless, the present data should be considered a clear indication of the relationship between insulin resistance and fatty acid profile, including the activity of desaturase enzymes, which deserves further investigation. Mechanistic studies using more direct measures, such as the hyperinsulinaemiceuglycaemic clamp and analysis of desaturase activity and mRNA expression in a variety of tissues, will be the next step in the elucidatation of the relationship between desaturase enzymes and lifestyle-induced changes in insulin sensitivity.
In summary, lifestyle-induced improvements in insulin sensitivity are independently explained by specific changes in the fatty acid profile of serum cholesteryl esters. Moreover, an increase in insulin sensitivity is associated with an increase in estimated Δ5-desaturase activity and a decrease in estimated Δ6-and Δ9-desaturase activities. The associations between changes in Δ9-, Δ6-and Δ5-desaturase activities and changes in insulin resistance remained significant after adjustment for changes in diet, VO 2max and/or body fat percentage. We conclude that lifestyle-induced changes in insulin sensitivity are partly related to changes in fatty acid profile, particularly changes in desaturase activities. The association between insulin resistance and desaturase activities is dependent on lifestyle, but also on changes in other, more endogenous factors that remain as yet unidentified.
